ABSTRACT: Structures and stabilities of vanadium oxide oligomers as well as two candidate structures for a monolayer on the CeO2(111) surface have been studied by density functional theory employing a genetic algorithm to determine the global energy minimum structures.
Introduction
Vanadium oxides, or vanadia for short, supported on other metal oxides are important components of active as well as selective solid catalysts applied in many industrially relevant oxidation reactions. [1] [2] [3] The oxidative dehydrogenation (ODH) of low alcohols such as methanol [4] [5] [6] [7] [8] [9] [10] or ethanol [11] [12] [13] on oxide supported vanadia is an intensely studied reaction in the context of C−H bond activation. It was shown that vanadia supported on reducible oxides like ceria or titania is, in terms of turnover frequency, three to four orders of magnitude more active than vanadia on non-reducible supports like SiO2. [4] [5] [6] [7] Similar observations have been made for the ODH of propane. 14 Preparation conditions and support affect type and distribution of the vanadia species, which is likely the reason for the variation in turnover frequencies with the support for given vanadium loadings. [14] [15] [16] Depositing vanadia on oxides which are themselves dispersed on a different support may also strongly affect the reactivity, as shown, e.g., by
Bañares and coworkers for a ternary VOx/CeO2/SiO2 system. 17 The activity in selectively oxidizing methanol to formaldehyde at ceria-supported vanadia catalysts depends on the amount of vanadium deposited on the surface. 9, [18] [19] To understand this behavior at the atomic level, model studies are indispensable. 20 The reactivity of vanadia on well-defined CeO2(111) model systems was shown to be comparable to that of powder catalysts, 11, 18 suggesting that the models capture essential features of the supported vanadia species. Scanning tunneling microscopy (STM) images of VOx deposited on well-defined CeO2(111) films showed a wide distribution of isolated, two-dimensional vanadia species. 21 Upon increasing vanadia coverage and upon annealing, monomers agglomerate to form larger species, in particular trimers and heptamers. The same study reported X-ray photoelectron spectroscopy (XPS) results indicating that vanadium is accommodating its highest oxidation state +5, while Ce 4+ ions of the support are reduced to Ce 3+ . Combining temperatureprogrammed desorption (TPD) and STM revealed that the monomers are more active in the ODH of methanol than trimers and larger oligomers. 19 thus formation of a complete ML.
The oxygen content of the ML, i.e. whether it corresponds to a fully oxidized V2O5 layer or to a layer with the composition of a reduced vanadium oxide phase like V2O3, is not directly accessible by experiment. As mentioned above, this is because vanadium is readily oxidized to V 5+ by ceria. 21 Recently, Gong and coworkers argued that they have found a more stable structure for the VO2 monomer on CeO2(111). [35] [36] However, their structure is de facto identical with the one reported previously by this group. 19, [28] [29] [30] 33 Therefore, contrary to the statements made in refs. 35 and 36, our previous calculations do refer to the most stable structure of ceria-supported VO2.
The present work employs DFT for examining structures and stabilities of 2D vanadium oxides on the CeO2(111) surface for intermediate coverages as well as for the important limiting case of a complete ML. The latter is particular relevant because no support surface is exposed and there are no vanadia ad-particle/ceria surface edges present. The reaction will happen on a vanadia film whose geometric structure is given by the supporting (cerium) oxide underneath and whose electronic structure is modified by the vanadia/ceria interphase.
The supported vanadia oligomers were built from VO2 units, as comparison of earlier work in our group 22, 23 with experimental results 21 revealed them to be more likely candidates than species with different vanadium-oxygen ratios. In particular, we found that (i) trimerization of VO2 monomers on CeO2(111) is strongly exothermic, in contrast to supported VO; 29 (ii) supported VO2 features terminal V=O bonds, in contrast to supported VO4 clusters; 28 and (iii) Ce 3+ ions are created by electron transfer from supported VO2, in contrast to supported VO3 and VO4 clusters. 28 The last point also suggests that V2O5 clusters are unlikely to be the relevant species, at least under the ultra-high vacuum conditions used in ref. 21 . However, due to the stability of V2O5 in bulk phase, we performed calculations on a supported V2O5 cluster (shown in the Supporting Information). It is less stable than supported VO2 clusters in the range of conditions considered in this work. Therefore, we decided to focus on clusters with VO2 composition.
Two approaches to construct models of supported vanadium oxide ML structures are reported in the literature: (i) substitution of metal atoms of the support with vanadium atoms, for example in anatase TiO2(001), 37 α-Al2O3(0001), 38 κ-Al2O3(001) 39 and Al2O3/NiAl(110), 40 or (ii) deposition of vanadium oxide layers cut from bulk phases on the support, e.g. V2O3 on
Al2O3/NiAl(110) 40 and V2O5 on anatase TiO2(001). 37, [41] [42] Thus, the monolayers are typically structurally similar either to the support or the corresponding bulk vanadium oxide. This is different with monolayers on CeO2(111). The hexagonal surface structure prevents direct deposition of V2O5(001) layers due to the strong crystallographic mismatch. Creation of an interface between CeO2(111) and V2O3(0001) is hampered by a large lattice mismatch of ca.
25% between the calculated surface lattice parameters of 388 and 486 pm, respectively. [43] [44] As a consequence, ceria-supported monolayers will be structurally rather different from most of the monolayers on other supports.
To sample the potential energy surface of a given composition, a genetic algorithm (GA) is used to determine global energy minimum structures. Specifically, the "DoDo" algorithm is used, which was developed in-house and has been successfully applied to solve the structure of ordered water monolayers on the MgO(001) surface. 45 For the energy minimum structures found for the different supported vanadia aggregates we discuss relative stabilities and report energies required to create oxygen point defects in the various structures, which characterize their reducibilities. We summarize these results as a stability diagram. In addition, harmonic wavenumbers of V=O stretch vibrations are presented. The employed vacuum layer was set to 10 Å.
As mentioned in the introduction, the literature values for a complete ML on CeO2 (111) 52 and an effective Hubbard-type U parameter of 4.5 eV. The specific implementation of DFT+U used in this work follows Dudarev et al. [53] [54] A plane wave kinetic energy cutoff of 600 eV was used and structure optimizations were performed until forces acting on the relaxed atoms were below 0.02 eV Å -1 . Starting from these minima, the structures were reoptimized with the DFT-D2 dispersion correction scheme by Grimme. 55 A cutoff radius for the pair interactions has been used, 56 For the local optimization within the genetic "DoDo" algorithm, a smaller plane wave kinetic energy cutoff of 300 eV as well as the so-called soft oxygen pseudopotential have been applied.
Starting from the VO2-tetramer, the most stable structures of smaller species have been introduced into the initial population as so-called seeds. This procedure speeds up convergence of the evolutionary search, but it may also introduce a bias towards certain structures. However, we try to overcome this problem by using additional random structures in the initial population and maintaining a large and structurally diverse population.
Molecular dynamics (MD) simulations were performed on the ML structures to refine the structures obtained using the GA and the manually generated structures. A Nosé thermostat employing a temperature of 1000 K and a time step of 1 fs has been used.
Vibrational frequencies and normal modes were obtained by diagonalizing a partial, massweighted matrix of second derivatives of the energy with respect to the three Cartesian degrees of freedom of each adatom. This 'Hessian' matrix was obtained by finite-differences of the gradients with displacements of ±0.015 Å (central differences). Relative intensities were calculated based on the dipole moment change perpendicular to the surface. 
Results and Discussion

Vanadia oligomers on CeO2(111). The lowest-energy structures for various adsorbed
clusters built from VO2 units are shown in Figure 1 . The monomer and trimer structures are not included, because they are identical to those published earlier. 29 However, a new dimer structure was found which is 0.30 eV/V atom more stable than the structure shown in Figure 1 of ref. 29 . This is due to the different coordination environment in vicinity of the cluster. In the previous structure, binding of the cluster to surface oxygen atoms results in two 6-fold coordinated Ce ions (i.e., they lost one coordination compared with Ce in the regular surface), while in the new structure, 7-fold coordination for one of them is restored by an oxygen atom from the cluster.
In agreement with results obtained for small oligomers, the support stabilizes V in the +5 oxidation state and the VO4 tetrahedron is the predominant building block. Structures with reduced vanadium ions or smaller coordination numbers for V than four are significantly less stable. Larger coordination numbers were found in a few structures, specifically in the V8O16 structure, which contains two 5-fold coordinated vanadium ions (V5c). V-O bond distances are reported in Table 1 . cations are shown in light and dark blue, respectively. Vanadium and oxygen atoms of the adsorbed cluster are depicted in green and orange, respectively, while oxygen atoms of the ceria surface are shown in red. Four unit cells of V8O16/CeO2(111) are shown to highlight its extended structure. All pictures were generated using the XCrysDen program. 59 For a given composition, the most stable structure contains the oligomer of highest nuclearity instead of 'fragments', i.e. isolated smaller oligomers. For instance, the V6O12 structure shown in Figure 1 is 0.29 eV more stable than two separate V3O6-rings at the same coverage. Except for the V8O16 structure, linkage of oligomers across cell boundaries to form extended structures did not occur or was unfavorable in terms of stability. Furthermore, formation of twodimensional clusters is preferred over three-dimensional growth.
Oligomers appear as chains and rings. In rings, each VO4 tetrahedron is formed by one V=O vanadyl bond, two V-O-V bonds to oxygen atoms shared with neighboring vanadium atoms ('bridging' V-O bonds), and one bond to a surface oxygen atom ('anchoring' V-O bonds). This also applies to vanadium atoms in chain structures except for the two terminal vanadium atoms, which have one V-O-V bond less. One of these V atoms establishes a V-O-Ce bond by using an O atom stemming from the adsorbed cluster, while the other V atom binds to an additional surface oxygen atom to adopt 4-fold coordination. The corresponding surface oxygen atom is usually significantly displaced from its position in pristine CeO2(111). This structural feature was described as a so-called "pseudo-oxygen-vacancy" in a previous study. 30 Similar to an actual oxygen vacancy, 60 it serves as a very favorable binding site for methanol and, consequently, enhances the activity of the catalyst. 33 Rings matching the hexagonal surface structure of CeO2(111), i.e. containing three or six VO2 units, are very stable and abundant structural motifs (in the GA populations). The abundance of ring structures for larger oligomers and the associated lack of a pseudovacancy might explain the experimentally observed lower activity for catalysts formed at high vanadia coverage, which feature bigger clusters. In addition, only one pseudovacancy is formed per cluster. Therefore, larger oligomers are probably less active than the monomer, since (i) the pseudovacancy might be harder to access due to steric effects, and (ii) the degree of reduction is higher for larger VO2 oligomers, rendering further surface reduction during methanol oxidation energetically less favorable.
Comparison with gas-phase clusters and different supports.
Neutral and anionic gasphase VnOm clusters with more than three vanadium atoms prefer to form cage-like structures, [61] [62] [63] while the supported VO2 clusters described above form two-dimensional structures to maximize contact with the surface. Nevertheless, adsorbed clusters and gas-phase clusters have several points in common. In both cases, the predominant coordination number of vanadium atoms is four, and six-membered rings are common structural motifs. Gas-phase clusters often involve eight-membered rings, which were also found on the CeO2 (111) 67 Coordination numbers of V range from three to six.
VO2 monolayers.
The most stable VO2 ML structure (VO2-ML-a, see Due to additional lateral displacements of the surface oxygen atoms, the change in O-Ce bond 13 distances is asymmetric, i.e. instead of three bonds with the same distance (237 pm), the bond distances range from 247 pm to 268 pm. As shown in Figure 2 (top), the primitive unit cell is rectangular and contains four VO2 units.
Placing the same V4O8 repeat unit in a rhombic p(2x2) CeO2(111) unit cell results in a different pattern regarding the connection of the repeat units. In this structure (VO2-ML-b, see Figure   S2 ), V atoms of one ring are linked to V atoms of different neighboring rings (creating a twodimensional network of rings), instead of being linked to V atoms of the same neighboring ring (creating chains of fused rings). This structure is 0.05 eV/V atom higher in energy compared to the one shown in Figure 2 (top).
Similar to VO2 oligomers, the V 3d electron of each VO2 unit of the adlayer is transferred to A different VO2 ML structure (VO2-ML-c, see Figure 2 , bottom) was also considered due to its similarities with the chains formed by VO3 − in hydrated metavanadates, e.g. KVO3·H2O, and the (001) surface structure of V2O5. This structure has a similar V2O5-type motif as the monolayer structure reported for VO2 on ZrO2(101). 
V2O5 monolayer.
The most stable structure found for the fully oxidized V2O5 ML is shown in Figure 4 . It was obtained by adding oxygen atoms between the chains of VO2-ML-c, followed
by simulated annealing. The same structure was also obtained by addition of oxygen atoms between the chains of VO2-ML-a and local optimization. It contains equal numbers of 6-fold and 4-fold coordinated vanadium atoms. V6c atoms form chains of distorted corner-sharing VO6 octahedra. Between these rows of octahedra, pairs of corner-sharing VO4 tetrahedra are placed.
Only one vanadium atom of the pair features a vanadyl bond. This vanadium atom is not bound to a surface oxygen atom and is vertically lifted by 66 pm compared to V6c atoms. It will be referred to as V 4c u (u for 'upper atom'). The other vanadium atom of the pair is bound to a surface oxygen atom instead, i.e. it does not have a vanadyl bond. These V4c atoms without a vanadyl bond will be referred to as V 4c l (l for 'lower atom'). They are located 12 pm closer to the surface than V6c atoms. To summarize, parallel chains of corner-sharing VO6 octahedra are connected by sharing vertices with pairs of corner-sharing tetrahedra. Vanadium oxide frameworks built from a mixture of octahedra and tetrahedra are known to exist, 72 but this specific arrangement has to the best of our knowledge not been described in the literature so far. The coordination polyhedra are rather distorted and feature multiple V-O bond distances (see Figure 5 ). In contrast to the VO2 ML, which involves large displacements of surface oxygen atoms, the support structure is mostly unaffected by deposition of the V2O5 ML. Only surface O atoms bonded to V 4c l atoms are significantly displaced from their position in pristine CeO2(111), while 1 /4 of the surface oxygen atoms are not connected to the vanadium oxide adlayer.
The tetrahedra pairs can be arranged in two patterns. In the first one, which is shown in Figure 4 , V4c atoms are out of registry, i.e. V 4c u and V 4c l atoms alternate perpendicular to the octahedra chains, so that each V6c atom is bonded to one V 4c u and one V 4c l . The other pattern (see Figure   S3 ) has V4c atoms that are in registry, so that each V6c atom is bonded to either two V 4c u or two V 4c l . The energy difference between these two structures is negligibly small (2 meV/V atom).
The patterns correspond to the two different VO2 ML arrangements (VO2-ML-a and VO2-ML-b) described above. Adding one bridging O atom between certain V4c and V5c atoms as well as a vanadyl O atom to the corresponding V4c atom transforms the VO2 ML to the V2O5 ML. Table 2 shows relative stabilities of the VO2 surface aggregates compared to bulk VO2 and V2O5 per VO2 unit.
Relative stabilities of oligomers and monolayers.
The energies according to eq. (1b) differ from (1a) by the bulk reduction energy, i.e. the energy required to form VO2 and O2 from V2O5. Using our calculated values (per V atom), this amounts to adding 0.75 eV to the relative stabilities according to eq. (1a) in Table 2 . For example, in the case of the VO2 monolayer, the resulting reaction energy is +0.07 eV, implying a slight thermodynamic preference of bulk V2O5 compared to surface VO2 species.
Agglomeration energies,
relate the stability of an aggregate to the smallest building block. They are obtained from the relative stabilities, eq. 1a, by just subtracting the relative stability of the VO2 monomers which are able to diffuse and agglomerate. For example, the agglomeration energy (Table 2 ) for the trimer is -0.74 -(-0.08) = -0.66 eV.
Growth energies,
describe the energy gain when adding a monomer to an existing oligomer. Table 2 shows that combining monomers to form any of the higher oligomers and, ultimately, a ML, is an exothermic process. However, there are three systems with particularly high agglomeration energies: the trimer, the tetramer, and the hexamer.
In addition to the agglomeration energies presented in Table 2 structure has been predicted using PBE+U 75 in agreement with the earlier interpretation of XANES spectra. 76 Therefore, we look at the relative stability of our most stable monolayer phase, VO2-ML-a, with respect to bulk CeVO4 which, taking into account the composition of our slab models, is expressed by the reaction
Within our assumptions (no vibrational contributions to chemical potential differences) the free energy differences are identical with the energy differences at 0K. 65 This shift is attributed to a coupling of the V=O dipole moments. As already reported in earlier work, 29 the blue-shift from monomeric to trimeric species is reproduced by the calculated harmonic vibrational wavenumbers (Table 3) which are systematically to high -a known phenomenon for the type of functional used.
However, Table 3 shows that an increase in cluster size is not always connected with a blueshift of the V=O stretching mode. Test calculations indicate that not only vanadium atoms within an adsorbed cluster may influence the vibrational frequencies, but also nearby clusters.
In particular, the most intense V=O stretching mode of V3O6 clusters is blue-shifted by 12 cm aggregates (calc. 1069, obsd. 1040 cm -1 ). The calculated V=O stretching wavenumbers fall also in the range of values calculated for the most stable V2O5 layer on an ultrathin Al2O2.6 film grown on a NiAl substrate, 40 and for the V2O5 (001) surface. 
Conclusions
Vanadia oligomers, (VO2)n, deposited on CeO2(111) mainly contain tetrahedrally coordinated V 5+ ions as principal building blocks. One electron per VO2 unit is transferred to the support creating n Ce 3+ ions, leading to a (VO2 + )n/CeO2(111) n− system. With increasing coverage, especially with respect to monolayer formation, V atoms with larger coordination numbers (five or six) become more abundant. Likewise, monolayer structures feature more bridging V-O-V bonds. Furthermore, V atoms in small oligomers are preferentially vanadyl-terminated, while some V atoms in large oligomers and the monolayer structures lack V=O groups. The preference for monolayer aggregates from small clusters to full surface coverage together with the fact that flat "monolayer" clusters are preferred to taller "bilayer" clusters, i.e. for wetting the ceria surface, is in contrast to what has been found for non-reducible oxides such as alumina.
Pseudo-oxygen vacancies, i.e. oxygen ions lifted out of the surface to anchor the vanadia cluster, are present in most of the chain-type oligomers, but are absent in ring structures and the monolayer structures. Upon increasing cluster size, these pseudovacancies become less abundant, in agreement with the experimentally observed lower activity at higher V loading of the CeO2(111) support.
Agglomeration of adsorbed VO2 units is strongly exothermic, and VO2 monolayer structures are predicted to be thermodynamically favorable under a wide range of experimentally relevant conditions (vanadium oxide loading and oxygen partial pressure).
ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge on the ACS Publication website at DOI:
xxx.xxx Additional VO2 and V2O5 monolayer structures; total energies of all optimized structures; x,y,z coordinates of optimized structures.
AUTHOR INFORMATION
